Ultrananocrystalline diamond ͑UNCD͒ films 0.1-2.4 m thick were conformally deposited on sharp single Si microtip emitters, using microwave CH 4 -Ar plasma-enhanced chemical vapor deposition in combination with a dielectrophoretic seeding process. Field-emission studies exhibited stable, extremely high ͑60-100 A/tip͒ emission current, with little variation in threshold fields as a function of film thickness or Si tip radius. The electron emission properties of high aspect ratio Si microtips, coated with diamond using the hot filament chemical vapor deposition ͑HFCVD͒ process were found to be very different from those of the UNCD-coated tips. For the HFCVD process, there is a strong dependence of the emission threshold on both the diamond coating thickness and Si tip radius. Quantum photoyield measurements of the UNCD films revealed that these films have an enhanced density of states within the bulk diamond band gap that is correlated with a reduction in the threshold field for electron emission. In addition, scanning tunneling microscopy studies indicate that the emission sites from UNCD films are related to minima or inflection points in the surface topography, and not to surface asperities. These data, in conjunction with tight binding pseudopotential calculations, indicate that grain boundaries play a critical role in the electron emission properties of UNCD films, such that these boundaries: ͑a͒ provide a conducting path from the substrate to the diamond-vacuum interface, ͑b͒ produce a geometric enhancement in the local electric field via internal structures, rather than surface topography, and ͑c͒ produce an enhancement in the local density of states within the bulk diamond band gap.
I. INTRODUCTION
Diamond films are being extensively investigated for application to field emission sources [1] [2] [3] [4] [5] [6] [7] [8] [9] critical to the operation of a variety of vacuum microelectronic devices and high current, high frequency tubes. Diamond-coated Si microtip emitters appear to be able to sustain higher emission currents ͑presumably because of the high thermal conductivity of diamond͒, and exhibit lower threshold fields [10] [11] [12] [13] [14] [15] than uncoated Si or Mo tip arrays, although the electron emission process from the diamond surface is not well understood. In particular, the following questions have not been definitively answered: ͑1͒ Is the tunneling barrier located at the substratediamond or the diamond-vacuum interface? ͑2͒ Is there a local enhancement of the electric field at the emission sites, and if so, is this enhancement related to the presence of surface asperities? ͑3͒ Is the tunneling current associated with emission from valence band, conduction band, or interband states?
One of the principal experimental difficulties in answering these questions pertains to the fact that the Fowler-Nordheim 16 expression for electron current density a͒ Electronic mail: auciello@anl.gov depends on both the effective work function and the local electric field at the emission site in a manner which does not permit independent determination of these two quantities. This local field may differ from that of the macroscopic field. By simultaneously measuring the emission current density and the kinetic energy distribution of the electrons, it is possible to independently determine the work function and the local electric field at the emission site. 17 Recent measurements using this method revealed relatively high work functions ͑5.0-5.3 eV͒ and high field enhancement factors for both diamond like-carbon and nanocrystalline chemical vapor deposition ͑CVD͒ diamond films. The cause of the field enhancement on nominally smooth, flat films was attributed to asperities resulting from arcing during the initial application of high voltage.
In the present work, we have used CVD methods to synthesize diamond films on high aspect ratio sharp Si tips, which provide an intrinsically high field enhancement associated with the very small radius of curvature of the tip. The emission from these coated tips turns on smoothly without arcing, which results in no enhancement in the surface roughness as compared with the as-deposited state, and as confirmed by scanning electron microscopy ͑SEM͒ observation after electron emission measurements.
Conventional CVD deposition methods such as hot filament CVD ͑HFCVD͒ 6,9,14 and microwave plasma-enhanced CVD ͑MPECVD͒ with CH 4 -H 2 gas mixtures 7, 8 typically produce micron-sized diamond grains either at the ends of the tip or on the shank 14 as shown in Fig. 1 . Such nonconformal diamond coatings result in a degree of stabilization of the emission current and reduction of the threshold field, but are still subject to thermal runaway due to the poor thermal conductivity of Si, and high aspect ratio of the tips. For an array of microtips, many of the tips will have no diamond coating at all, while the size and location of the diamond ''blob'' varies from tip to tip. It is desirable from both an experimental and a device point of view to produce conformal, smooth diamond coatings with uniform, controllable thickness, capable of yielding low threshold fields, and high electron emission currents with good reproducibility, lateral uniformity, and temporal stability.
A solution to the problem of producing conformal, smooth diamond films has been provided by our group via the development of a microwave plasma CVD technique capable of yielding crystalline diamond thin films with 2-5 nm average grain size that are totally devoid of intergranular amorphous or graphitic phases. 18 In order to distinguish this material from the material commonly described in the literature as ''nanocrystalline diamond'' with 50-100 nm grain size and significant intergranular non-diamond phases, 19 we have adopted the term ''ultrananocrystalline diamond'' ͑UNCD͒. The UNCD deposition method involves the use of microwave plasmas with CH 4 /Ar or C 60 /Ar gas mixtures, typically with no more than 1%-2% H 2 added to assure plasma stability in the ASTeX PDS-17 reactor. 20, 21 Optical emission spectroscopy analysis of the CH 4 /Ar and C 60 /Ar plasmas revealed that carbon dimers are the dominant species in the plasma, 22 and are considered to be the diamond growth species, and that atomic hydrogen abstraction processes are not involved in the UNCD growth mechanism. 23 However, up to 20% H 2 can be added to the plasma before the dominant growth process changes from the C 2 insertion mechanism 22 to the conventional CH 3 *-H 0 process. 24 The average grain size increases up to approximately 100 nm, but the grain boundary morphology 22 appears to be unchanged throughout the 0%-20% H 2 range. 25 Our UNCD dimerinsertion growth process is characterized by little regasification of nascent diamond grains by atomic hydrogen and very high nucleation densities and renucleation rates. Consequently, UNCD films exhibit little if any grain coarsening as the film thickness increases and are ideal candidates for producing conformal, smooth coatings on Si microtips.
One of the issues in relation to diamond films for field emission sources is the effect of film thickness on the field emission properties. If the diamond film is too thin, it may not be possible to obtain a continuous coating, whereas an extremely thick film may result in poor emission properties due to a resistive drop within the film, resulting in a reduction in the field at the diamond-vacuum interface at moderately large current densities. This would result in deviation from the Fowler-Nordheim current versus voltage relation and an apparent space charge saturation effect. 11 Therefore, it is important to determine the film thickness that yields the best field emission performance. Additionally, studies of the thickness effect on field emission may provide information about the mechanism of field emission from diamond films. Unfortunately, there is very little information in the literature regarding the effect of the diamond film thickness on the field emission characteristics of Si-coated tips. Zhirnov et al. studied the effect of coating thickness on field emission using a compacted diamond powder deposited by dielectrophoresis, and reported a space charge effect at a film thickness above 1 m.
11 There appear to be no previous studies of the dependence of the field emission from tips coated with dense, conformal crystalline diamond coatings. One of the main reasons for this lack of information is the difficulty in coating tips with a conformal thin diamond film using conventional diamond deposition methods.
Using the deposition process developed in our laboratory, 12, 13, 20 we were able to coat high aspect ratio single Si tip emitters with smooth and conformal UNCD thin films with 2-5 nm grain size and controlled film thickness. The diamond films deposited on the Si microtips were characterized using scanning electron microscopy ͑SEM͒, transmission electron microscopy ͑TEM͒, electron energy loss spectroscopy ͑EELS͒, and Raman spectroscopy. The main goal of the work discussed in this article is to study the effect of film thickness and Si microtip radius on the field emission for two very different forms of diamond coatings. This comparison results in the identification of a possible electron emission mechanism for UNCD films.
II. EXPERIMENTAL PROCEDURES
Single-crystal silicon tip emitters were grown on 1ϫ1 mm 2 silicon posts. 26 First, Si whiskers were grown by a Si-Au eutectic vapor-liquid-solid technique. Then, the whiskers were sharpened by oxidation and subsequent Hartree-Fock ͑HF͒ etching to form high aspect ratio sharp tips with a radius of curvature less than 25 nm. The resultant tips were 50-200 m in height. Single tips were prepared for this study by growing tip arrays, and then breaking off all but one of the tips while viewing in a SEM. The Si tip emitters were cleaned in 20% HF for 30 s to remove the native oxide and other surface contaminants. Then, the tip emitters were seeded for 3 min in a suspension of 5 nm diamond powder in ethanol using a dielectrophoresis method. 10, 11 Following the seeding procedure, the tip emitters were immediately loaded into the MPECVD reactor ͑ASTeX-PDS-17͒ for diamond deposition. A mixture of CH 4 and Ar gases was admitted to the deposition chamber through mass flow controllers. The total pressure in the chamber was kept constant at 100 Torr, while the flow rates were 1 and 99 sccm for CH 4 and Ar, respectively. The microwave-input power was 800 W, and the substrate temperature was 800°C. It has been previously demonstrated. 12, 13, 20, 21 that these conditions lead to the growth of phase-pure diamond films with equiaxed 2-5 nm grains.
The deposition was carried out for 20 min to attain a diamond film thickness of about 0.1 m for the first deposition step. The study of the film thickness effect on field emission was done by sequential growth of diamond layers on the same tip emitter. The sequence of experiments involved the following repetitive steps: ͑1͒ deposition of a 100 nm thick diamond layer, ͑2͒ I-V measurements, ͑3͒ SEM imaging, and ͑4͒ further deposition of a 100 nm layer. The process was repeated iteratively until the maximum film thickness was obtained. Tips of various radii and length were studied. As shown in Fig. 1 , these tips were uniformly coated with the UNCD film and had hemispherical UNCD caps with radii varying from 0.1 to 2.4 m.
A second set of four samples was prepared by coating an array of microtips using HFCVD. As shown in Fig. 2 , the diamond coating grew as discrete grains on either the shank, or on the very end of the microtips. A single microtip with a symmetrically positioned spherical grain was selected from each array, and all the remaining microtips were broken off. Samples were prepared with diamond grains of various radii, and closely matched diamond grain sizes were selected on microtips of various radii.
The field emission characteristics of the single microtip emitters were investigated using a computer-controlled current-voltage testing system. 12, 13 The emission current was measured using an anode 1.89 mm in diameter with rounded edges to suppress arcing at sharp edges. The anodecathode ͑tip emitter͒ spacing was determined by using a high magnification charge coupled device ͑CCD͒ camera. The anode voltage was increased under computer control until the emission current reached a preset value ͑usually 10 Ϫ5 A͒ and then decreased to zero. The anode-cathode spacing ͑h͒ and the tip emitter geometry are illustrated in Fig. 3 . The radius of the Si microtip is designated ''r'' in Fig. 3 , and the radius of the hemispherical diamond cap is designated ''R.'' The tip-anode spacing was set at a value equal to the length ͑h͒ of the microtip ͑typically 50 to 200 m͒. Under these conditions, for an applied voltage V, the electric field at the emitting surface is given by
depending on whether the tunneling barrier is located at the Si-diamond interface or the diamond-vacuum interface. Due to the sharpness of the microtips, they make excellent TEM specimens. As-deposited diamond films ͑about 0.1 m thick͒ on sharp Si tips can be directly used for TEM studies without conventional TEM sample preparation. The TEM image ͑Fig. 4͒ shows that the Si tip is centered within the UNCD coating and that the value of R is therefore equal to the diamond coating thickness. A Phillips CM-30 TEM operated at 300 keV was used to study the microstructure of the UNCD films. The nature of the carbon bonding in the diamond film was determined using a Gatan EELS. A Renishaw Raman microscope with a wavelength of 632 nm was also employed to supplement the EELS study. Measurements of the density of interband states were carried out using a calibrated electron collection system coupled to a grating monochromator light source. The photoelectron current was measured by an electrometer as a function of the wavelength of light incident on the diamond sample.
Scanning tunneling microscopy ͑STM͒ measurements were carried out on UNCD films on flat Si substrates using the STM in various modes of operation. In the normal mode, the tip is placed in close proximity to the surface, such that it is within the surface tunneling barrier and produces a topographic image. In a second mode of operation, the sample-tip distance is increased so that electron emission completely penetrates the surface potential barrier and a mapping of the electron emission intensity is obtained. Details of the emission mapping procedure are reported elsewhere. 27, 28 In a second STM experiment, 29 topographic mapping is used to determine high and low points in the topography. One high point and one low point are selected, and the tip is placed over each of these regions while the bias voltage is scanned and the emission current is measured.
III. RESULTS AND DISCUSSION

A. Characterization of a UNCD-coated Si tip
The SEM images of a typical single tip emitter before and after successive coatings with UNCD diamond films are shown in Fig. 1. Fig. 1͑a͒ shows a bare 150 m long microtip with a radius of curvature of 25 nm. The seeded tips ͑without UNCD coating͒ were visually indistinguishable from the uncoated tips. The microtip was coated with sequential layers of UNCD until a thickness of 2.4 m was reached. Some of the SEM images are shown in Figs. 1͑b͒-2͑e͒. The thickness of the successive UNCD diamond layers was determined by measuring the radii of the coatings from the SEM images, assuming the tip apex was positioned at the center of the diamond film hemisphere as shown in the TEM image of Fig. 4 .
A unique feature distinguishing all UNCD diamond layers is that they were conformal and smooth in the 0.1-2.4 m range investigated here, as opposed to the case of Si tips coated by conventional CH 4 /H 2 diamond growth methods. We attribute this remarkable result to: ͑1͒ the dielectrophoretic seeding using the nanosized diamond powder suspension, and ͑2͒ the UNCD diamond growth process. 20 The average roughness of the film was estimated to be in the same 20-40 nm range as that of the UNCD films grown on flat, smooth Si wafers. 22 The selected area electron diffraction ͑SAED͒ pattern shown in Fig. 5 reveals the crystalline character of the UNCD film. The three rings present in Fig. 5 correspond to the ͑111͒, ͑220͒, and ͑311͒ orientations, respectively. The spot patterns are from the single crystal Si microtip substrate. The UNCD films deposited on the needleshaped Si tips have microstructure similar to those grown on flat Si substrates. 12, 13, [20] [21] [22] EELS analysis was performed by focusing the electron beam onto the areas around the tip apex. Figure 6 shows a typical EELS spectrum, in which only the * peak at about 303 eV due to sp 3 bonded carbon ͑diamond͒ is present. The absence of the * peak around 286 eV resulting from sp 2 bonded carbon indicates that the film is a highly sp 3 bonded diamond film. To supplement the EELS studies, Raman analysis was conducted using a focused laser beam with a beam size 2 m in diameter. Figure 7 shows a Raman spectrum taken from the tip apex region. The spectrum is similar to that of previous UNCD films on flat substrates. 22 The sharp peak at 1332 cm Ϫ1 overlapping a broad fluorescence peak is characteristic of UNCD diamond, with broadening of the peak related to the nanocrystalline grain size. 20 The less intense peak at 1580 cm Ϫ1 is associated with sp 2 bonded
carbon, but because of the 50:1 sp 2 /sp 3 sensitivity ratio [20] [21] [22] of Raman spectroscopy, corresponds to only a few percent of the total electronic bonding.
A recent tight-binding pseudopotential calculation 30, 31 has predicted that UNCD films have grain boundaries that are ϳ3.56 Å in width, in accord with high resolution TEM data. 21 This calculation also predicts that the grain boundaries are ϳ40%-80%. locally sp 2 bonded, and that there is a continuum of states at the grain boundary within the 5.5 eV diamond band gap. Because of the small grain size and consequent high ratio of grain boundary-to-bulk atoms, the grain boundary carbon atoms are sufficient to completely account for the experimentally observed sp 2 character.
B. Field emission characterization
In a previous article, 32 we have shown that Si tip emitters coated with 0.1 m thick UNCD films exhibit a substantial reduction in the threshold field and an increase in the maximum emission current compared with uncoated Si microtips. In this work, we have expanded the previous work by systematically studying the effect of film thickness on field emission properties of UNCD-coated Si tip emitters. Figure 8 shows a set of I-V curves for a Si microtip emitter coated with sequential UNCD layers with a total thickness from 0.1 to 2.4 m. The data indicate that for all UNCD coating thicknesses in this range, the threshold field is much smaller and the emission current much higher than the corresponding values for the uncoated Si microtip. The emission characteristics of the seeded tip ͑dielectrophoresis only, without UNCD coating͒ were indistinguishable form those of the uncoated tips.
Since we are trying to determine whether tunneling occurs at the Si-diamond or the diamond-vacuum interface, it is not clear whether the local field enhancement factor is determined by the Si tip radius ͑r͒ or the diamond coating radius R. The experimental results are therefore presented in terms of the voltage at which an emission current of 1 ϫ10 Ϫ7 A is obtained as a function of film thickness produced on different tips. By measuring the threshold voltage rather than emission at a higher current, voltage drops within the resistive film and space charge effects are minimized.
Results for the HFCVD-coated microtips are presented in Fig. 9 as a function of radius of the diamond ball for several microtips with the same 25 nm radius. The threshold voltage increases monotonically with diamond film thickness, suggesting that emission is controlled by the field at the diamond-vacuum interface. However, Fig. 10 shows the threshold voltage for Si microtips of various radii coated with diamond films of the same ͑0.5 m thickness. The threshold voltage now varies monotonically with the Si tip radius, suggesting that there is also a tunneling barrier at the Si-diamond interface.
As shown in Fig. 11 , the tips conformally coated with UNCD display a completely different behavior. This figure contains sets of data taken from three Si microtips with the following geometry: ͑a͒ rϭ25 nm, hϭ150 m, ͑b͒ r ϭ25 nm, hϭ60 m, and ͑c͒ rϭ300 nm, hϭ60 m. The threshold voltages for the uncoated tips depend strongly on the tip radius, but for even the thinnest UNCD coatings ͑100 nm͒, the threshold voltage becomes nearly independent of both the Si tip radius and the UNCD coating thickness. For all three microtips, there is a broad minimum in the threshold voltage for films with thickness in the 0.2-0.5 m range, followed by a slight increase for films thicker than 0.5 m.
Consequently, it appears that the local field enhancement is an intrinsic property of the UNCD film, rather than the result of topographic field enhancement associated with either the Si tip sharpness or the radius of curvature of the diamond film coating.
A comparison of the I-V characteristics of the UNCDcoated tip emitters ͑Figs. 8 and 11͒ with previous results 11 on tips coated by dielectrophretic deposition at room temperature 11 show that: ͑1͒ All the UNCD-coated emitters with film thickness from 0.1 to 2.4 m exhibited much better emission than that of the bare Si tip emitter. ͑2͒ The UNCDcoated tips exhibit a minimal drop in emission current with coating thickness Ͼ1 m compared with films produced entirely by dielectrophoresis. 11 This implies that, as suggested by the tight-binding calculations, 30, 31 electron transport through UNCD may be quite different from transport through the consolidated nanocrystalline powder, where space charge effect occurs when the film is thicker than 1 m. Figure 12 shows the high current I-V curves for three Si tip emitters coated with UNCD films of three thickness: ͑a͒ 0.5 m, ͑b͒ 1.0 m, and 2.4 m, respectively. The 100 A maximum measured value is three orders of magnitude higher than the maximum current yielded by an uncoated Si tip emitter, which generally burns out at an emission current of Ӷ1 A, and does not represent the maximum current that can be sustained by the UNCD-coated tips. Clearly, the thicker the film, the higher the voltage required to reach a given current. This variation may be attributable to the resistive drop within the UNCD films.
By taking slices of Fig. 12 at various current values, it is possible to solve self-consistently for the voltage drop within the film using the familiar relation
where V s is the potential at the diamond-vacuum interface, V t is the potential at the diamond-Si interface ͑assumed equal to the externally applied potential͒, and R is the resistance across the film of thickness r. is an effective resistivity which may in principle vary with both the film thickness and emission current density, and I is the average current through the film terminating in an effective emitting area A. We treat the quantity /A as a single unknown variable in the following calculation, and it is adjusted to selfconsistently yield a common value for V s at a given emission current for all three samples. These values are self-consistent to within ϳ7%. At specific current values, the potential drop within the film is found to be linear with film thickness, although the variation with current density exhibits closer to a square root relation as show in Fig. 13 . This latter variation could be the result of either decreasing resistivity or increasing emission area as the emission current increases. We have conducted a long-term stability test for a single Si tip coated with a 2.4 m thick UNCD film. As shown in Fig. 14 , the test was run for more than 400 h. The initial current was 100 A for a fixed voltage of 1200 V with a 60 m gap. The current decreased slowly to 57-60 A over a period of 48 h and then remained nearly constant at that value for the next 367 h. Further stability tests are planned to investigate possible surface conditioning effects that may be responsible for the initial decrease of the emission current and to further probe the emission stability properties of the UNCD coatings.
The power density corresponding to the observed emission current is several Mw/cm 2 if it is assumed that all of the measured current originates from the hemispherical cap of the coated microtip. This is a physically unrealistic value, and strongly suggests that the emission current in fact originates from the entire UNCD-coated surface of the Si microwhisker. Considering that the Si whisker is 60 m in length, emission from the entire coating would reduce the requisite power density by 2-3 orders of magnitude. The assumption that the entire coating is emitting is consistent with previously reported findings 12 that smooth UNCD coatings on flat Si substrates exhibit emission thresholds as low as 2 V/m. It was further calculated from the Fowler- Nordheim analysis of the smooth UNCD films that either the assumption of a physically unreasonable value for the work function ͑ϳ20 meV͒ or an extremely high local field enhancement factor ͑Ͼ5,000͒ is required to explain the smooth film. 12 This observation strongly suggests that the local electric field enhancement reflects an intrinsic property of the material, ͑rather than surface topography͒ of the smooth films, in accord with the present result that neither the radius of the Si microtip nor the UNCD hemispherical cap has significant effect on the threshold field.
In order to explain the observed electron-emitting properties of UNCD, a viable model must meet several key requirements: Even though the TEM data show that UNCD contains no graphitic or amorphous carbon secondary phases, there must be a conducting path from the substrate to the surface. In addition, the previous smooth film FowlerNordheim data 12 strongly suggest that there is a very large enhancement in the local electric field at the emission sites and/or an effective work function that is significantly less than the diamond band gap.
The UNCD films are observed to be electrically conducting 33 and the tight binding calculation 30, 31 identifies the grain boundaries as the probable conduction path. The tight binding calculation also shows that at the grain boundary, there is a continuous density of states throughout the bulk diamond band gap, resulting in a significant lowering of the potential barrier that must be traversed by field-emitted electrons. Finally, the abrupt character and extreme narrowness of the grain boundaries results in a conducting path with an extremely high aspect ratio and consequently a strong enhancement in the local electric field at the grain boundary/ diamond/vacuum interface as proposed by ''triple point'' models. 34 In the case of the UNCD films, 12 this electric field enhancement is associated with the internal structure of the UNCD film, and is not related to topographic asperities.
The morphology of the UNCD films with conducting sp 2 grain boundary regions Ͻ0.4 nm thick in an insulating sp 3 matrix is very reminiscent of recently studied amorphous carbon films 35 in which it was found that field electron emission originated from small sp 2 regions in an sp 3 matrix, and the ease of electron emission depended on the size of the sp 2 regions, rather than the sp 2 /sp 3 ratio. The optimum size for the sp 2 region was determined to be р1 nm, comparable with the observed grain boundary width in UNCD. The optimimum size was ascribed to a trade off between the need for a small structure to provide maximum field enhancement and the need for carrying the emission current. 35 Similar dimensional correlations were ascribed to the optimized electron emission in microcrystalline diamond and carbon nanotubes. In a related experiment using STM measurements, 27, 28 the electron emission from diamond films on smooth Si substrates was found to originate from grain boundaries/ diamond-graphite interface regions.
Photoelectron quantum yield measurements have shown that UNCD films grown in an Ar-C 60 plasma with up to 20% added H 2 exhibit an enhancement in the intergap density of states that is correlated with the observed threshold field. It should further be noted that this enhancement in densities of state is observed only for photon energies less than the 5.5 eV band gap as shown in Fig. 15 .
STM images of the surface topography and field emission distribution maps for the same area of UNCD films grown in an Ar-C 60 plasma with 20% added H 2 film are shown in Fig. 16 , and matching line scans for these areas are shown in Fig. 17 . It is obvious that the regions of most intense electron emission do not correspond to topographic asperities, and that most of the asperities correspond to minima in the emission current. Maxima in the emission current appear to be correlated with either inflection points or minima in the local topography. Although it is not possible to unambiguously identify the regions of maximum current with the grain boundaries observed by TEM, the result is consistent with emission from sites in which either there is a locally reduced tunneling barrier of an internal, morphologically related enhancement of the local electric field, rather than a field enhancement related to surface topography. Additional STM data is shown in Fig. 18͑a͒ in which two regions corresponding to adjacent high and low points in the topographic image are indicated. Figure 18͑b͒ shows the I-V plots corresponding to the two sites. Again, the electron emission originates at the minimum in the local surface topography.
Although there are some ambiguities in the interpretation of STM data in this manner, the overall picture obtained from both theoretical and a variety of experimental sources is consistent with a grain boundary emission model in UNCD. It must be emphasized however, that the morphology of UNCD films is both quite different from other forms of diamond film, and in many respects much easier to characterize than that of so-called nanocrystalline diamond, diamond-like carbon and ''amorphic diamond'' materials. It remains to be seen whether the model postulated for the UNCD films can be extended to these other electron-emitting forms of carbon. However, recent data on electron emission as a function of the morphologies of the sp 2 and sp 3 regions 35 suggest that the morphological properties of UNCD that give rise to electron emission in UNCD may be similar to those features that give rise to optimized electron emission in a number of dif- ferent forms of amorphous carbon films, as well as other carbon-based materials including microcrystalline diamond and carbon nanotubes.
IV. CONCLUSIONS
We deposited UNCD films on high aspect ratio Si tip emitters using MPECVD in combination with a dielectrophoretic seeding process. SEM images showed that the UNCD films are extremely smooth and conformal to the sharp tip emitter. Field emission studies showed a substantial reduction in emission turn-on voltage for the diamond-coated tip emitters and a large enhancement in emission current for films with thickness ranging from 0.1 to 2.4 m, as compared to the values for uncoated Si tip emitters. The threshold fields are found to be independent of film thickness or surface topographic feature size, and are ascribed to the intrinsic morphology of the UNCD film. A model is presented in which emission occurs at the grain boundary-vacuum interface or from a region very close to the grain boundary, and experimental photoyield and STM data support this correlation. The conclusions drawn with regard to the role of grain morphology in electron emission from UNCD are in accord with recent findings on the optimization of electron emission in amorphous carbon films. 
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